MicroRNA (miRNA) is a class of small noncoding RNA approximately 22 nt in length. Animal miRNA silences complementary mRNAs via translational inhibition, deadenylation, and mRNA degradation. However, the underlying molecular mechanisms remain unclear. A key question is whether these three outputs are independently induced by miRNA through distinct mechanisms or sequentially induced within a single molecular pathway. Here, we successfully dissected these intricate outputs of miRNA-mediated repression using zebrafish embryos as a model system. Our results indicate that translational inhibition and deadenylation are independent outputs mediated by distinct domains of TNRC6A, which is an effector protein in the miRNA pathway. Translational inhibition by TNRC6A is divided into two mechanisms: PAM2 motif-mediated interference of poly(A)-binding protein (PABP), and inhibition of 5′ cap-and poly(A) tail-independent step(s) by a previously undescribed P-GL motif. Consistent with these observations, we show that, in zebrafish embryos, miRNA inhibits translation of the target mRNA in a deadenylation-and PABP-independent manner at early time points. These results indicate that miRNA exerts multiple posttranscriptional outputs via physically and functionally independent mechanisms and that direct translational inhibition is central to miRNA-mediated repression.
MicroRNA (miRNA) is a class of small noncoding RNA approximately 22 nt in length. Animal miRNA silences complementary mRNAs via translational inhibition, deadenylation, and mRNA degradation. However, the underlying molecular mechanisms remain unclear. A key question is whether these three outputs are independently induced by miRNA through distinct mechanisms or sequentially induced within a single molecular pathway. Here, we successfully dissected these intricate outputs of miRNA-mediated repression using zebrafish embryos as a model system. Our results indicate that translational inhibition and deadenylation are independent outputs mediated by distinct domains of TNRC6A, which is an effector protein in the miRNA pathway. Translational inhibition by TNRC6A is divided into two mechanisms: PAM2 motif-mediated interference of poly(A)-binding protein (PABP), and inhibition of 5′ cap-and poly(A) tail-independent step(s) by a previously undescribed P-GL motif. Consistent with these observations, we show that, in zebrafish embryos, miRNA inhibits translation of the target mRNA in a deadenylation-and PABP-independent manner at early time points. These results indicate that miRNA exerts multiple posttranscriptional outputs via physically and functionally independent mechanisms and that direct translational inhibition is central to miRNA-mediated repression. M icroRNA (miRNA) is a class of small noncoding RNA approximately 22 nt in length. Previous studies have shown that miRNA plays a wide variety of regulatory roles in animals and plants (1) . Animal miRNA silences partially complementary mRNAs (2) . However, the mechanism of its action is under intense debate. Biochemical studies have shown a significant repression of miRNA target genes via translational inhibition (3) . In contrast, transcriptome analyses of miRNA target genes have revealed that miRNA promotes mRNA degradation (4, 5) . Genome-wide studies that analyzed mRNA stability and translation status in parallel have reached different conclusions concerning the relative contributions of these two outputs (6) (7) (8) . In addition to these outputs, miRNA induces deadenylation of its target mRNA (5, 9, 10) . Given that the translation status, poly(A) tail length and mRNA stability are closely linked to each other, whether these three outputs are independently induced by miR-NA through distinct mechanisms or rather sequentially induced within single molecular pathway remains unknown (3, 11) .
miRNA forms a complex with protein factors, called miRNA induced silencing complex (miRISC), to induce target mRNA silencing. Argonaute (Ago) protein is an integral component of miRISC and directly interacts with miRNA to support the binding of miRNAs to their target mRNAs (12) . In addition to Ago, animal miRNA requires another miRISC component, TNRC6/ GW182 (hereafter referred to as TNRC6), for target mRNA silencing (13) . TNRC6 associates with the Ago-miRNA complex via multiple Ago-binding motifs in its N-terminal region (14, 15) . In contrast, the C-terminal regions of TNRC6 have been identified as a silencing domain because this domain is sufficient to elicit posttranscriptional silencing (16, 17) . Recent studies have shown that the silencing domains of TNRC6 bind to poly(A) binding protein (PABP). In the case of mammalian TNRC6, the interaction occurs mainly through direct interaction between the conserved sequence PAM2 (PABP-interacting motif 2), which is located at the anterior portion of the silencing domain, and the C-terminal MLLE domain of PABP (18) (19) (20) . The TNRC6-PABP interaction accelerates deadenylation by CAF1/CCR4 in Krebs cell extract (18, 19) . In human and fly cultured cells, the TNRC6-PABP interaction is required to support maximum repression by miRNA (20) . These observations have led to a model proposing that, via TNRC6-PABP interactions, miRISC interferes with translation at the initiation step and/or induces mRNA deadenylation/degradation by increasing the susceptibility of the poly(A) tail to deadenylases (11, 18) . However, this model does not address the hierarchy of multiple outputs induced by miRNA. In addition, the contribution of the TNRC6-PABP interaction in the miRNA pathway awaits further validation because poly(A) tail-independent repression by miRNA has been reported in several experimental systems (10, 21) .
In the current study, we successfully dissected intricate outputs of miRNA-mediated repression using zebrafish embryos as a model system. Our results indicate that translational inhibition and deadenylation are independent outputs mediated by distinct domains of TNRC6A. Translational inhibition by TNRC6A is divided into two mechanisms: PAM2 motif-mediated interference of poly(A)-binding protein (PABP), and inhibition of 5′ cap-and poly(A) tail-independent step(s) by a previously undescribed P-GL motif. Consistent with these observations, we show that, in zebrafish embryos, miRNA inhibits translation of the target mRNA in a deadenylation-and PABP-independent manner at early time points.
Results

TNRC6A Induces Translational Inhibition and Deadenylation Through
the Mid Domain in Zebrafish Embryos. To elucidate the mechanisms of miRNA-mediated repression, we investigated the repression activities of TNRC6 using zebrafish as an in vivo model system. As in other vertebrates, the genome of zebrafish encodes all three TNRC6 paralogues (TNRC6A, B and C) and additional TNRC6B and TNRC6C genes due to genome duplication. We focused on a unique zebrafish orthologue of TNRC6A in this study because all TNRC6 paralogues have a repressive activity in humans (17, 22) . Zebrafish TNRC6A contains all of the conserved motifs/domains that were found in other TNRC6 ortholo-gues (13) (Fig. 1A) . To identify the functional domain(s) in zebrafish TNRC6A that were responsible for silencing effects, we generated a series of deletion constructs and tested their effects in a λN-BoxB tethering assay in zebrafish embryos ( Fig. 1 A and B) . Tethering of full-length TNRC6A to Rluc-BoxB-poly(A) mRNA repressed Rluc activity to approximately 40% compared to the control construct encoding the HA-tagged N-peptide (HA-N) (Fig. 1C, full) . As reported with other TNRC6 orthologues (16, 17) , the silencing domain (SD) of zebrafish TNRC6A was sufficient to induce repression (Fig. 1C, SD) . Furthermore, we found that the anterior half of the silencing domain (before the RRM, hereafter referred to as the Mid domain) induced repression (Fig. 1C, Mid) . On the other hand, no significant repression was observed with TNRC6A fragments lacking the Mid domain despite detectable expression of effector proteins (Fig. 1F) . The repression was mediated via specific binding of N-peptide fusions to BoxB sequences (Fig. S1 ). qRT-PCR showed that mRNA stability was not changed by tethered TNRC6A proteins during the assay (Fig. 1D) . RNaseH-mediated poly(A) tail analysis revealed that the full-length TNRC6A, the silencing domain fragment and the Mid domain fragment induced deadenylation (Fig. 1E) . These results reveal that the Mid domain of zebrafish TNRC6A is essential and sufficient to induce translational inhibition and deadenylation.
A Previously Undescribed P-GL Motif in TNRC6A Contributes to Translational Inhibition in Concert with the PAM2 Motif. The PAM2 motif was conserved in the Mid domain of zebrafish TNRC6A, with critical residues for the interaction with PABP remaining invariant ( Fig. 2A) (18) (19) (20) . To determine whether the silencing activities of the Mid domain required PAM2-PABP interaction, we introduced a mutation into the PAM2 motif of the TNRC6A Mid domain ( Fig. 2A, E1421 and F1422 to A; PAM2 mutation). The PAM2 mutation completely abolished the interaction with PABP, which was assessed using the GST-pulldown assay with zebrafish embryo lysates (Fig. 2B ). In the tethering assay, the PAM2 mutation slightly reduced repression activity (Fig. 2 C and D , p < 0.05). Deadenylation of the Rluc-BoxB-poly(A) mRNA was still induced by the PAM2 mutant in this context (Fig. 2E) . These results indicate that TNRC6 silencing activity is mediated by the PAM2 motif as suggested in the previous studies (18, 20) , yet the contribution might not be predominant in zebrafish embryos.
To characterize repression activities that remained in the PAM2 mutant, we focused on the residues PPPGLT, which are located at the C terminus of the Mid domain and are highly conserved in the TNRC6 family proteins (hereafter referred to as the P-GL motif, Fig. 2A) . A mutation introduced into this motif (G1544 and L1545 to A; P-GL mutation) did not affect PABP interaction (Fig. 2B) . On the contrary, the P-GL mutation partially reduced the repression activity of the Mid domain (p < 0.01) with no obvious effect on deadenylation ( Fig. 2 C and E, P-GL mut). Repression activity of the Mid domain was further impaired when the PAM2 and P-GL motifs were simultaneously mutated (Fig. 2C , PAM2/P-GL mut). Concomitantly, the deade- nylation activity was reduced in the double mutant (Fig. 2E) . These results suggested that a previously undescribed P-GL motif in the Mid domain contributes to the translational inhibition in concert with the PAM2 motif.
To test the contributions of PAM2 and P-GL motifs in the context of full-length TNRC6A function, we performed two experiments. First, we introduced the mutations into the fulllength TNRC6A and tested their effects in the tethering assay ( Fig. S2 A-C) . The simultaneous loss of both PAM2 and P-GL motifs, but not the loss of one of the two motifs, strongly impaired the repression activity of TNRC6A at translation level. Second, to test the activity of TNRC6A variants in the context of miRNAmediated repression, we asked if exogenous TNRC6A variants enhance miR-430-mediated repression of the GFP sensor transgene ( Fig. S2D ; see Fig. 5 for detailed information of the GFPmiR-430 sensor). Overexpression of wild-type, PAM2 mutant, and P-GL mutant versions of TNRC6A promoted miR-430-mediated repression of the GFP-miR-430 sensor. In contrast, the double mutant failed to promote repression by miR-430 ( Fig. S2 E and F) . These two experiments indicated that our motif analysis with the Mid domain fragment well captured the actions of the full-length TNRC6A.
TNRC6A Mediates Translational Inhibition Independent of Deadenylation. Given the predominant contribution of the PAM2 and the P-GL motifs to translational inhibition with the moderate effect on deadenylation, we next asked if the translational inhibition induced by these two motifs was independent of deadenylation. To this end, we performed two experiments. First, we analyzed the physical interactions between the Mid domain and deadenylase components that have been implicated in miRNA-mediated deadenylation (18, 21, 23, 24) . Consistent with its deadenylation activity in the tethering assay, the GST-Mid domain interacted with in vitro translated Myc-tagged PAN3 and CCR4/CAF1 but not with eIF4E ( Fig. 3A and Fig. S3 A and B) . Notably, the PAM2/P-GL double mutant still interacted with these factors with reduced affinity to PAN3. Second, we asked whether the Mid domain induced translational repression in the absence of deadenylation. To this end, we generated a synthetic poly(A) tail that contained a 98 nt poly(A) sequence followed by a 10 nt poly(C) sequence (A98C10, Fig. 3B ). The A98C10 tail was not deadenylated by the Mid domain during the assay (Fig. 3C ). On the other hand, the A98C10 tail enhanced Rluc expression similar to the normal poly(A) tail (Fig. S4A) . Tethering experiments revealed that the Mid domain strongly silenced tethered mRNA with the A98C10 tail. Furthermore, the coordinated contribution of the PAM2 and P-GL motifs was observed with the A98C10 tail (Fig. 3D) . These experiments showed that the Mid domain of TNRC6A inhibited translation via the PAM2 and P-GL motifs in a deadenylation-independent manner.
The PAM2 and P-GL Motifs Contribute to Translational Silencing Through Distinct Mechanisms. Next, we determined whether the PAM2 and P-GL motifs required PABP for their function in translation repression. To this end, we utilized Paip2 (PABP-interacting protein 2). Paip2 binds to PABP via its PAM1 and PAM2 motifs, and sequesters PABP by displacing it from the poly(A) tail and eIF4G (25) . Hence, we predicted that the repression by the Mid domain would be diminished by Paip2 if PABP is the only molecular target for the Mid domain. First we confirmed that the A98C10 tail failed to stimulate translation in the presence of excess Paip2 (Fig. S4B ). In the presence of excess Paip2, the Mid domain repressed translation of Rluc-BoxB-A98C10 mRNA (Fig. 3E ). This result suggests that the Mid domain inhibits translation via a PABP-independent mechanism. Consistent with this idea, the Mid domain with the PAM2 mutation inhibited translation of Rluc-BoxB-A98C10 mRNA similar to the wild-type Mid domain (p > 0.38). In contrast, the P-GL mutation diminished most of the repressive effect caused by the Mid domain in the presence of Paip2. Hence, the PAM2 motif required PABP for translational inhibition, while the P-GL motif did not. As an alternative approach, we determined whether the m 7 G cap and the poly(A) tail, which are two important constituents for translation initiation, are required for translational inhibition by the Mid domain. Although the translation efficiency was significantly reduced in the absence of the m 7 G cap and the poly(A) tail (Fig. S4A) , the tethering assay revealed that the Mid domain repressed bound mRNA even in the absence of the m 7 G cap and poly(A) tail (Fig. 3F ). Analysis with Mid domain mutants showed that the P-GL motif, but not the PAM2 motif, contributed to repression of this reporter mRNA. The contribution of the P-GL motif was not attributed to the change in the RNA stability ( Fig. S4C) , indicating that the P-GL motif inhibited translation. These results strongly suggested that the Mid domain of TNRC6A inhibits translation through two distinct mechanisms.
Direct Translational Inhibition Is a Major Output of miRNA-Mediated
Repression During Zebrafish Embryogenesis. To validate our findings obtained in the tethering assay, we designed a miRNA reporter system in zebrafish embryos using a firefly luciferase (Fluc) mRNA containing the 3′UTR of an endogenous miR-1 target gene, pdlim1 (26) (Fig. 4A) . The Fluc-pdlim1 mRNA and a nontargeted mRNA encoding Renila luciferase (Rluc) were microinjected into fertilized eggs together with the miR-1 duplex or control miR-124 duplex. Six or 10 h after the injection, a luciferase assay and quantitative RT-PCR (qRT-PCR) were performed to measure protein expression and mRNA stability (Fig. 4B ). As observed in the tethering assay, the A98C10 tail resisted deadenylation by miR-1 in this system (Fig. 4C) . The analysis using Fluc-pdlim1 mRNA with the normal poly (A) tail revealed strong repression of Fluc activity by miR-1 at 6 h (to approximately 30% compared to the miR-124 duplex), with no obvious change in mRNA abundance (Fig. 4 D and E, 6 h). Substantial mRNA degradation by miR-1 was detected at 10 h. However, miR-1-mediated mRNA reduction (approximately 50% compared to miR-124) does not fully account for the overall repressive effect of miR-1, which was measured by the luciferase activity (approximately 30%) (Fig. 4 D and E, 10 h) . These results suggest a major contribution of translational inhibition in the miRNA pathway during zebrafish embryogenesis. To validate the contribution of deadenylation to miRNA-mediated repression, we performed the miR-1 repression assay with the deadenylationresistant A98C10 tail. This analysis revealed two important findings. First, miR-1 inhibited translation of Fluc-pdlim1 mRNA with the A98C10 tail with a lower efficiency compared to the Fluc-pdlim1 mRNA with the normal poly(A) tail (approximately 45% with the A98C10 tail, versus approximately 30% with the normal poly(A) tail at 6 h; Fig. 4F ). Second, the A98C10 tail inhibited miR-1-mediated Fluc mRNA degradation during the assay (Fig. 4G) . These analyses confirmed a major contribution of deadenylation-independent translational inhibition during miRNA-mediated repression. Next, we analyzed the involvement of PABP-related mechanism in miRNA-mediated translational inhibition. Inhibition of PABP by Paip2 did not abrogate miR-1-mediated repression. Rather, it promoted miR-1-mediated translational inhibition of the Fluc-pdlim1-A98C10 mRNA to approximately 30% (Fig. 4 H and I) . Hence, miR-1 can induce translation repression in parallel to the PABP inhibiton by Paip2. These results reveal distinct contributions of deadenylation, PABP inhibition, and PABP-independent translational inhibition to miRNA-mediated repression in vivo.
A PABP-Independent Mechanism of miRNA-Mediated Repression Operates During Zebrafish Embryogenesis. To further confirm whether miRNA inhibited its target mRNA via PABP-independent repression pathways in vivo, we depleted PABP from zebrafish embryos and analyzed the effects on miRNA-mediated repression. Among zebrafish orthologues of vertebrate PABP genes, the expression of two PABPC1 paralogues (pabpc1a and pabpc1b) and PABPC4 was detected during zebrafish embryogenesis (Fig. 5A and Fig. S5A ). Although pabpc1a mRNA was ubiquitously expressed during development, the expression of pabpc1b and pabpc4 mRNAs was restricted to specific tissues at 24 h post fertilization (hpf). Injection with the translation-blocking morpholino oligo (MO) for pabpc1a mRNA at the one-cell stage reduced total PABP levels to <1% compared to the injection of embryos with control MO (Fig. 5B and Fig. S5B ; note that the antibody we used detected all three PABP proteins described above). Concomitantly, PABP-depleted embryos showed reduced formation of polysomes (Fig. 5C ) and strong morphological defects (Fig. 5D , upper panels) at 24 hpf. Therefore, cellular PABP was reduced to nonfunctional levels in pabpc1a MO-injected embryos.
To monitor endogenous miRNA-mediated repression, we generated a transgenic zebrafish that ubiquitously expressed GFP mRNA containing three copies of the miR-430 target site (TS) [Tg(ßactin-GFP-3xTS-miR-430)]. Expression of GFP protein from this reporter gene was strongly repressed throughout the embryo by the ubiquitous miRNA miR-430 in a target-site dependent manner (Fig. 5D , middle panels) (9, 27) . Notably, miR-430 repressed the GFP reporter in PABP-depleted embryos. In situ hybridization revealed concomitant degradation of the reporter mRNA (Fig. 5D, lower panels) , indicating that the repressive effect we observed in the transgenic embryos might be a combined output of initial translational repression and subsequent mRNA degradation. Similar findings were observed with another GFP transgenic line that visualized repression by muscle specific miRNA miR-1∕206 (26) (Fig. S6) . The PABP-depletion did not cause shortening of the basal poly(A) tail length as a secondary effect (Fig. 5F ). These results with the transgenic lines, together with the results with injected reporter mRNAs in Fig. 4 , show that miRNA silences its target mRNA via PABP-independent mechanism(s) during zebrafish embryogenesis.
Discussion
Due to its intricate outputs, it has been difficult to delineate the direct and primary consequence of miRNA-mediated repression (3, 11) . In this study, we addressed a causal relationship between miRNA-mediated translational repression and deadenylation using three different approaches. First, we revealed that the PAM2 and P-GL motifs in the Mid domain of zebrafish TNRC6A induced translational inhibition in a deadenylation-independent manner (Figs. 2C and 3D) . Second, we found that the Mid domain carrying the PAM2 and P-GL mutations showed reduced affinity to PAN3 but still interacted with CCR4/CAF1 deadenylases (Fig. 3A and Fig. S3 A and B) . Third, miR-1 induced translational repression of its target reporter mRNA even in the absence of deadenylation (Fig. 4F) . These observations collectively indicate that miRNA-mediated translational inhibition and deadenylation are independent outputs mediated through distinct molecular actions of TNRC6. The use of the deadenylation-resistant A98C10 tail allowed us to determine the relative contributions of direct translational inhibition and deadenylation in the miRNA pathway. Although we observed the contribution of deadenylation to miR-1-mediated translational inhibition, we also observed substantial translational inhibition in the absence of deadenylation with miR-1 and the tethered Mid domain (Figs. 3D and 4F ). These observations establish that translational inhibition by miRNA is not a mere consequence of deadenylation. Consistent with these findings, mRNAs that were translated in a poly(A) tail-independent manner were repressed by miRNA (10, 21) . Hence, we propose that deadenylation plays an auxiliary role in the miRNA-mediated repression by consolidating translational inhibition, possibly through displacement of PABP from mRNA. We also observed that miRNA required deadenylation for target mRNA degradation that occurred at a later time point (Fig. 4E, 10 h) . Therefore, we do not exclude the possibility that deadenylation and subsequent mRNA degradation play more active roles in miRNAmediated silencing after extended periods, which has been suggested by previous genome-wide analyses (6) (7) (8) . Nevertheless, a rapid and strong translational inhibition in our zebrafish system supported a model in which direct translational inhibition is central to miRNA-mediated gene silencing at early time points.
The mechanisms that mediate direct translational repression by miRNA have not been well characterized. Some of our data are consistent with a model in which miRNA/TNRC6 induces silencing by interacting with PABP via its PAM2 motif (11) . In our tethering assay, the PAM2 motif in the Mid domain of zebrafish TNRC6A contributed to translational inhibition when PABP was involved in translation (Fig. 2C) . This contribution was deadenylation-independent (Fig. 3D) , indicating that the PAM2 motif contributed to translational inhibition by counteracting the function of PABP in translation. These observations are also consistent with previous studies arguing that miRNA targets the m 7 G cap-dependent translation initiation process (28) (29) (30) (31) . In addition, our study indicated that the PAM2-PABP interaction was not the only mechanism used by miRISC to inhibit translation. First, the mutation into the PAM2 motif only weakly reduced the repression activity of the Mid domain (Figs. 2 and 3 ) and the full-length TNRC6A (Fig. S2) . Second, miR-1 and the Mid domain induced translational inhibition even in a PABP-independent manner (Figs. 3E and 4F) . Third, depletion of PABP from zebrafish embryos allowed endogenous miRNAs to silence their target mRNAs ( Fig. 5 and Fig. S6 ). Hence, zebrafish miRISC is equipped with a mechanism that does not require PABP for target mRNA silencing. In contrast, previous studies in mammalian cultured cells have shown correlations between cellular PABP activity and miRNA-mediated repression (20, 32) . It is therefore possible that the contribution of the PAM2-PABP interaction to miRNA-mediated repression is conditional on the general translation status in the cell.
We identified a previously undescribed conserved motif, the P-GL motif, which was within the Mid domain of TNRC6A, as a PABP-independent translation repression mechanism. The action of the P-GL motif was clearly distinct from that of the PAM2 motif in three aspects. First, the P-GL motif was not involved in PABP binding (Fig. 2B) . Second, the P-GL motif contributed to translational repression irrespective of the presence of poly(A) tail or the PABP activity (Figs. 3E and F) . Third, the P-GL motif contributed to the repression of mRNA with the unnatural 5′ ApppG cap structure (Fig. 3F) . Hence, the P-GL motif repressed mRNA translation independent of essential constituents of the canonical translation initiation pathway. Because the use of the ApppG cap structure significantly reduced the basal translation activity (Fig. S4A) , the exact contribution and the molecular basis of the observed repression activity need to be interpreted in the context of the m 7 G capped and polyadenylated mRNA. Nevertheless, it is worth noticing that the cap-independent repression activity observed with the P-GL motif is consistent with post-initiation repression models of miRNA (33) (34) (35) (36) . Based on these observations, we propose a "double lock model" of miR-NA-mediated translational repression, in which miRNA inhibits two distinct translation steps through TNRC6 (Fig. S7) .
While this manuscript was under revision, three papers reported additional functional motifs in fly GW182 and mammalian TNRC6 proteins that mediate binding to the CCR4/NOT1 and PAN2/PAN3 deadenylase complexes (37) (38) (39) . Interestingly, those complexes induced repression not only via deadenylation but also via deadenylation-independent mechanism(s) (37, 39) . Moreover, Fukaya and Tomari recently reported that, consistent with our findings in zebrafish, miRNA induces translation repression independent of deadenylation and PABP in the fly in vitro system (40) . Although the relative contributions of these pathways need to be clarified, our current study and these recent reports collec- tively indicate that miRNA system utilizes multiple redundant mechanisms to silence target mRNAs. The characterization of multiple translational inhibition activities of TNRC6 proteins in a wide variety of experimental systems may reconcile contradicting observations on miRNA-mediated translational inhibition (3, 11) . It is tempting to speculate that, by having multiple repression mechanisms, miRNA performs robust control of target gene expression under diverse cellular contexts.
Materials and Methods
Tethering Assay in Zebrafish Embryos. The mRNAs were transcribed using an mMessage mMachine SP6 kit (Ambion). ApppG capped mRNA was synthesized in the presence of an ApppG cap analogue (New England Biolabs) instead of an m 7 GpppG cap analogue. To add a normal poly(A) tail, the mRNA was polyadenylated in vitro using a poly(A) tailing kit (Ambion). For poly(A)-mRNA, we injected a MO that binds to the end of the mRNA to inhibit polyadenylation (TB-MO). For mRNA injections, Rluc mRNA and Fluc mRNA were diluted to a final concentration of 50 ng∕μL each. Effector mRNAs were diluted to obtain solutions with equimolar concentrations of effector mRNA. HA-λN-Mid mRNA was diluted to a final concentration of 100 ng∕μL. The mRNA encoding myc-tagged GFP or zebrafish Paip2 was added to a final concentration of 200 ng∕μL. Approximately 1,000 pl of solution containing reporter mRNAs and effecter mRNAs was injected into onecell stage zebrafish embryos. A total of 5-10 embryos were collected at the shield stage (6 hpf) and lysed in Passive lysis buffer (Promega). The luciferase activities were measured using the Dual-Luciferase Reporter assay system and GloMax 20∕20 n luminometer (Promega). Rluc activity intensity (IRluc) was normalized to the intensity of Fluc activity (IFluc). The normalized Rluc activity for each experiment with HA-N effector encoding XX was calculated as follows. Fold change = (IFluc + HA-N-XX/IRluc + HA-N-XX)/(IFluc-control/IRluc-control). The values obtained using HA-N empty mRNA were used for controls. Each sample was measured as three replicates. The p value was calculated using Student's t test.
qRT-PCR. A total of five embryos were retained after each injection experiment, and total RNA was extracted by ISOGEN (Nippon gene). The cDNA was synthesized using the PrimeScript RT reagent kit (TAKARA). A random hexamer was used for cDNA synthesis to avoid detecting differences in the poly(A) tail length. To assess Fluc mRNA and Rluc mRNA levels, qRT-PCR was performed with SYBR Premix EX Taq II and the Thermal Cycler Dice Real Time System (TAKARA) following a standard protocol. Specific amplification of the PCR products was confirmed by analyzing the dissociation curve, running the products on an agarose gel, and sequencing. Each sample was measured as duplicates, and each experiment was repeated three times. Additional materials and methods are described in SI Text.
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Mishima et al. 10 .1073/pnas.1113350109 SI Materials and Methods Zebrafish Strains. Tg(ßactin-GFP-3xTS-miR-430) contained the ßactin promoter that drives ubiquitous expression, the ORF of GFP and three copies of miR-430 target sites derived from zebrafish nanos1 3′UTR (1) (target site sequence: GCGTTCAC-TGTTTGATTTTGCACTTTTT; underline indicates the seed sequence). Tg(ßactin-GFP-miR-430 mut TS) contained the mutated target sites for miR-430, in which the seed sequence GCACTT was mutated to GGTCTT. Plasmids for Tol2-mediated transgenesis were generated using a Tol2 kit. At least three independent transgenic siblings were obtained for each line and showed the same GFP expression pattern. Tg(ßactin-GFP3xIPT-miR-1) has been previously described (2).
RT-PCR and cDNA Cloning. cDNAs encoding ORFs for zebrafish PAN3 (ENSDART00000048273), CCR4/CNOT6 (ENSD-ART00000031028), CAF1/CNOT7 (ENSDART00000092953), PABPC1a (ENSDART00000024729), PABPC1b (ENSD-ART00000032474), PABPC4 (ENSDART00000082327), Paip2 (ENSDART00000010211) and TNRC6A (ENSDART00000113 219; Ensemble Zv9. http://www.ensembl.org/index.html) were amplified by RT-PCR with primers listed below. DNA fragment of TNRC6A was cloned into pCS2+HA-N-globin 3′UTR. Other DNA fragments were cloned into pCS2+MT.
Tethering Assay Constructs. The reporters: The open reading frame of Renilla luciferase (Rluc) was excised from pRL-CMV (Sigma) using NheI/XbaI and cloned into the XbaI site of pCS2+ plasmid (3), to generate pCS2+Rluc. Five contiguous copies of the BoxB site were amplified using PCR from the b-globin 5BoxB (4) and cloned into the XbaI site of pCS2+Rluc to generate pCS2+Rluc-BoxB. To add the A98C10 tail, oligonucleotides A100C10-X and Y were annealed and cloned into the NotI/Asp718 sites. For the Fluc reporter, the SV40 3′UTR of pCS2+Fluc was replaced by a human globin 3′UTR at the XbaI/NotI site. The λN fusion vector: The DNA fragment encoding the λN peptide was excised from pCI-neo-λN (4) using NcoI/XhoI and cloned into pCS2+HA, which contained the DNA fragment encoding the HA tag. The SV40 3′ UTR of the resultant plasmid was replaced by a stop codon linker (TAATTAATTAA) followed by a globin 3′ UTR to generate pCS2+HA-λN-globin 3′ UTR. The tested ORF was cloned downstream of HA-λN using XhoI and XbaI.
Luciferase Assay with miR-1 Reporter Constructs. The miR-1 repression assay was performed as previously described (2), with some modifications. Fluc-pdlim1 3′UTR mRNA was mixed with Rluc mRNA at a final concentration of 1 ng∕μL each. The miR-1 and miR-124 duplexes were purchased from Sigma Genosys and were added at the final concentration of 20 nM. Approximately 1,000 pl of the solution was injected into one-cell stage zebrafish embryos. The luciferase assay was performed as described in the tethering assay. The normalized Fluc activity with and without the miR-1 duplex was calculated as follows. Fold change ¼ ðIFlucþ miR − 1∕IRluc þ miR − 1Þ∕ðIFluc − miRNA∕IRluc − miRNAÞ.
RNaseH-Mediated poly(A) Tail Analysis. The poly(A) tail length was analyzed by RNaseH digestion and northern blotting as previously described (1) . For the tethering assay, embryos were injected with an mRNA mix, and 10 embryos were collected. The SV40 3′UTR fragment containing a poly(A) tail, derived from Rluc-BoxB mRNA, was generated using RNaseH digestion and detected by northern blotting. For miR-1 reporters, 100 ng∕μL of Fluc reporter mRNA containing SV40 3′UTR was mixed with 25 nM miR-1 duplex. Approximately 1,000 pl was injected.
Morpholino Oligonucleotide Injection. Morpholino oligonucleotides (MOs) were purchased from Gene Tools. MOs were dissolved in distilled water, and injected into one-cell stage zebrafish embryos at the following final concentrations: pabpc1a MO; 75 nM, TB-MO; 0.5 mM, miR-1∕206 MO; 0.5 mM each. Approximately 1,000 pl was injected. The miR-1∕206 MOs were described previously (2).
Western Blotting. Proteins were detected with anti-PABP (CST #4992S, 1∶1;500 dilution), anti-eIF5 (Santa Cruz Biotechnology, C-14, 1∶5;000), anti-GFP (Santa Cruz Biotechnology, sc-8334, 1∶1;500), anti-cMyc (9E10, 1∶4;000) and anti-HA (Bethyl, 1∶4;000) antibodies. Signals were developed using ImmnoStar LD (Wako) or Luminata Forte (Millipore) and detected using ImageQuant LAS4000 (GE Healthcare).
In Situ Hybridization. In situ hybridization was performed as previously described (2) using specific RNA probes labeled with Digoxigenin. Images were obtained using a Nikon SMZ1500 microscope and a Nikon DXM 1200F digital camera.
Validation of the pabpc1a MO Phenotype. We have evaluated the PABP-depletion phenotype by employing two criteria. First, we coinjected fluorescence dye (Rhodamine) with MOs to validate injection. Embryos with the Rhodamine fluorescence showed highly reproducible morphological phenotype. Second, 5-10 embryos with representative morphological phenotype were collected and subjected to Western blotting to confirm efficient PABP depletion (to <1% compared to control, as shown in Fig. 5B ).
Quantification of GFP Expression Levels in Live Embryos. The GFP fluorescence of the 24 hpf transgenic embryos was measured essentially as described previously (5) . Briefly, whole-mount fluorescent images were captured in each experiment by a Carl Zeiss SteREO Lumar V12 microscope and an Axio Cam MRm digital camera. The GFP intensities of a 50 × 100 pixels rectangle in the trunk of the embryo above the yolk extension were measured using Photoshop CS2. We measured 2-4 embryos in each experiment, and experiments were repeated three times. After subtracting background, the average intensities were calculated and normalized by the value with mut TS and control MO.
Preparation of GST-Fusion Proteins. The DNA fragments encoding the Mid domain and its mutants followed by the His-tag were cloned into pGEX-6p-1 (GE Lifesciences). Recombinant proteins were produced in Rosseta 2 (Novagen). N-terminal GSTtagged and C-terminal His-tagged Mid domain proteins were sequentially purified using His Spin Trap and Glutathione Sepharose 4B (GE Lifesciences) in the presence of a complete protease inhibitor cocktail (Roche).
GST-Pulldown. To detect interactions with PABP in zebrafish embryonic lysates, deyolked embryos were lysed in pulldown buffer (25 mM HEPES-KOH, pH 7.3, 50 mM KCl, 75 mM KOAc, 2 mM MgCl2, 0.5% NP-40, and a protease Inhibitor cocktail). To detect interactions with deadenylases, Myc-tagged proteins were translated in the TnT Quick Coupled Transcription/Translation system SP6 (Promega). GST-fusion proteins were bound to Glutathione Sepharose 4B beads (GE Healthcare), incubated with the lysate in the pulldown buffer supplemented with micrococcal nusclease and 1 mM CaCl 2 at 4°C for one hour. The beads were washed four times with pulldown buffer, and associated proteins were detected by Western blotting.
Polysome Analysis. 24 hpf zebrafish embryos injected with control MO or pabpc1a MO (30 embryos each) were mixed with Lysing Matrix D (Bio101) and homogenized in buffer A [20 mM HEPES-KOH (pH 7.5), 100 mM KCl, 10 mM MgCl 2 , 0.25% NP-40, 250 mM sucrose, 0.25% NP-40, 10 mg∕ml cycloheximide, 100 units∕mL RNase inhibitor] using a FastPrep homogenizer (Bio101). The lysates were centrifuged for 3;000 × g for 5 min at 4°C. The supernatants were loaded on 10% sucrose in buffer A without NP-40. After centrifuging at 300;000 × g for 20 min 4°C in a Beckman TLA100 rotor, ribosome pellets were recovered and resuspended in buffer B [20 mM HEPES-KOH (pH 7.5), 100 mM KCl, 10 mM MgCl 2 , 0.25% NP-40, 10 mg∕mL cycloheximide, 100 units∕mL RNase inhibitor]. After A254 units were measured, equal amounts of A254 units of ribosome were loaded on a linear sucrose gradient (10-45%) in buffer B without NP-40 and centrifuged at 4°C in a Beckman MLS50 rotor at 40,000 rpm for 120 min, followed by fractionation. The samples were monitored at 260 nm using BIOCOMP equipment. The GST-pulldown assay detecting interactions between the GST-Mid domain and deadenylase components translated in rabbit reticulocyte lysate. Total of 1% of in vitro translation reaction was loaded as an input. Myc-tagged proteins were detected using Western blotting (Upper). GST-fusion proteins were visualized using CBB stain (Lower). (1) . In parallel, the P-GL motif blocks translation, possibly at a step downstream of m 7 G cap recognition (2) . This "double lock" repression mode ensures robust and efficient translation repression of target mRNAs.
